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STRAIN MEASUREMENTS ON SMALL DURALUMIN Bc(X
BEAMS IN BENDING

By Paul Kuhn
SUMMARY

Extensive strain-gage measurements were made chiefly
on the tension side of five small rectangular box beams™ ~
constructed of gsheet duralumin. The main conclusion was”
that within the test range the tension cover may be con~
sldered as Tcing fully effective but that at aidy given
roint cn the beam there may be unaccountable variations of
5 vercent from the calculated stresses on the thicker
sheets tested (0.044 and 0.02% inch) and of 1C percent or
more on the thinnesgt sheet tested (0.01l4 inch).

INTRODUCTIOXN

Present-day airplane construction ig characterized by
thin-walled built-up structures. Experience has shown

that established and tested formulas for strength of struc-

tures do not alweys give the required degree of accUfacy
when applied to such airvlane structures. The reason for
these discrepancies is that some of the fundamerntal assump-
tisns of the theory are not fulfilled so wéll as they aré
in the more solid structures used in other ¥ranches cf en-
gineering. T A o '

One of the points in gquesticn is the beam action of
thin shells. The engineering theory assumes that plane
crose ‘aectlions remain plane and that no changes in shavpe
of the cross sections cccur owing to loading or, if they
do occur, that they may be neglected. In beams censisting
of thin shells it has been found, however, that These
changes may not be negligible in some cases.

It therefore seems highly desirable to check experi-
mentally how valid the wsual formulas are when applied fto
various types and sizes of box beams. The present inves-~
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tigation deals with fairly small box beams of rectangular s
gsection.

TEST OBJECTS AND PROCGEDURE

The tests wero made of 17ST aluminum-alloy besams.
The importanrnt (nominal) dimensicns of these beams are
given in figure 1; this figure alge indicates schemati- el _
cally the jig used for attaching the beams to a heavy col-
umn.

The load waes apvlied to the Peamg at the tip-end
bulkhead (fig: 1). The direction of the load ig indicat-
ed infigure 2., Tuckerman strain gages (reference 1)
were used to measure the straing in the beams. Three 4dif=
ferent arrangemen¥ts of gages were usged. o

The firgtarrangement is shown in figure 2(a) and
served tov check tensile as well as compressive stresses
near the root. Three stations were selected along the
span of the beam and a gage was attached fto each corner of
the beam at each station, as indicated by the crosses.

Numerous tegts have been made ty various investiga-
tors of the load-carrying vproperties of thin gheet in com-_ _ e
vression. In these tests therefore, attention was concen-
trated on the tension side of the beams. Figure 2(b)
shows the arrangement of gages used for such tests.

A few tests were made with the arrangement shown in
figure 2(c). At each station two gages were-attached near
the edges of the cover sheet and two geges were attached
nearer the center line of the sheet. The center gages
were simply resgting on the sheet without any hold-down de-
vices; in order to prevent small, unaveidable jars from
dislocating the gages, a very thin, small patch of plasti-
cine was applied to the sheet and the knife edges of the
gages were embedded in it. The gages are very easily at-
tached by this method; all other methods would have been
cumbersome and would have required drilling holes into™ the
sheet. The disadvantages of the method ere: o

(1) Large jars will dislocate the gages.
(2) The gage length beccmes somewhat indefinite,

(®) The gages :cannct—be set- to zero or reset during *
the test when the range of the gages 1s exceeded.
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The loading schedule varied somewhat for several rea-
sona. In general, however, the following schedule was
followed. The beam was preloaded twice to 100 pounds
without taking readings. One test run was made to 100
pounds; steps of first 124 pounds and then 25 pounds wers
taken. The beam was then unloaded in a similar manner.
Readings of the strain gages were taken while loading angd
while unloading. All readings were ‘started 5 mlnutes af—
ter the load had been changed. - '

A second test run was made to 200 pounds and finally
a last run to the capacity of the loading apparztus (about
250 pounds) as indicated in table I.

The first run and the seccnd run were quite frequently
repeated ocne or more times as checks. In the case of beams
having the same cover thickness on both sides, the beam was
reversed and tested again with the previous compresslon
side in tension.

RESULTS OF TEST ON TENSION SIDE OF BEAMS

General Remarks

The gage arrangement for the tests on the tension
side 1s shown in figure 2(b); the results obtained on the
tensicn side with the arrangement of figure 2(a) are also
included in thig section.

The two gage readings for each station were averaged
before plotting. The two gages differed at times By as -
much as 10 percent from the average. Ocdasionally this’
difference was more than 10 percent but, in general, fhe
agreement was. much better. S I

The station averages thus obtained of the strains
were then plotted against avplied load. It was found that
the points fell on straight lines with a few exceptions
where breaks occurred in these lines. A flat value of "
E = 10.4 x 10° ypounds per square inch was used in con=
verting the strain readings to stress readings. Ten cou-
pons cut from the root sections of the test beams were C——
tested by the National Bureau of Standards and showéd that '
the secant modulus varied between 10,4 and 10.6 x I0%° for
zero stress and between 10.2 and 10.4 x 10° for a stress
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of 25,000 pounds ver. square inch. The use of E = 10.4 x
108 therefore entails a maximum vpossible error of 2 percent.

The actual dimencsionsg of the btoxes had been measured
at a number of stmations for the .purvose of computing the
sectldn modulus. It was found that the maximum variation
of sheet thickness and of beam devth from the average was
avout-l vercent. There wag also a slight variation of the
sectipn modulus on the tengion gide due ta variation of
the effective width of sheet on the compression side; this
varlation was neglected, and a constant value of the sec-
tion modulus was used for calculating the,stress. The nu-
merical values are given in table I. The maximum errcr in
calculated tensile stress caused by neglecting the varia-
ticns of sheet thickness, beam devth, and effective width
of compression shoet was estimated to be 7 percent:

The ratio of the calculated stress to the observed
strese at any station will be referred tv in thls repcrt
as the "stress ratio." Figures 7 to 7 give individual and
average tegt results for each station 2f the five beams
tested.

Discussion of Resgitlts

A theoretical solution for the efficiency of the
ccever sheet in a rectamgular box beem without—bulkheads is
given by Younecer in reference 2. The central pecrtions of
the cover sheet carry s lower stress than the edge por-
tions on account of shear deformation of the .sheet; the
ratlo of the stress calculated under the assumption of a
fully effective section tv the actual stress alcng the
edges 1s taken as a measure of the efficiency of the bcx
cover.  The efficiency curve calculated by Younger 1is
shown in figures # to 7 and in figure 10; actually it ap-
plieg ¢nly to the case of figure 10 hut 1is shown ln the
other figurees for comparisgon. Thig curve avplies to sheet
that dcés not dbuckle., On the comvbresglon slde the sheet
will generally buckle owing to the axial compregslve gtrese-
es; on the tension glde the sheet-may buckle as & result
of ghear stresses. For very thin cover gheete the actual
efficiency may therefore te lower than Younger's curve 1in-
dicates, even on the tension slde of the beam. Bulkheads
would tend to-make the stress distributicn across the cever
sheet more uniform; i.e., raise the efficiency abeve the
calculated value.

Insvection of the test resﬁlts given in figurés'F t6
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7 showe that the observed values scatter so much that
there i1s no discernible tendency to follow any distinct
curve.

O0f the three cover thicknesses used -.0.014 inch,
0.023 inch, and ,0.044 inch - the two thickest ones show,
in general, stress ratios below 1; only two staticns
show a stress ratio exceeding unlty by ‘considerabdly more
than the maximum accountable error of 5 vercent, Devia-
tione from the smoath curve, however,. guite often amount
. to 10 .percent and are avparently entirely haphazard.
Thege deviations are caused by local irregularities of
the beam action and are not caused by any errofs in read-
ing or mounting the gages, as vproved by the coincidence
of tegt points with those for the beams loaded in opposite
directions.

The largest and most puzzling deviations occur in the

case of the thinnest (0.014 inch) cover sheets. The strgss

ratios are considerably above unity, which ig one rsason
why the term "stress ratio!' is used here in preference to
"efficiency." : : :

The high values of ‘the stress ratio vccurring at the
ropt of Team 5 may, perhavs, be exvlained as follows. The
load in the edge fibers was partly transmitted to the test
Jig by a rivet. Inaccurate matching of the hcles in tfhe
beam and in the jig may have resulted in play at this riv-
et, throwing the stresses-into the central part of the
sheet, which was more securely attached. It must be borne
in mind, however, that a large vart of the load was trans—
mitted to the Jjig not by the rivet but by the clamping
strap., The following theory may also avpply.

High values of the stress ratio all along the span
such as occurred in beam 3 may have been caused by the
fact that the stress was not proportional to the distance

from the neutral axis. BExcessive deformation of the very -

thin cover sheet may have occurred around the rivets with-
out straining the sheet -on the average enough to preduce
the theoretical stresses. Apvarently the modulus of elas-
ticity ‘was also somewhat higher than the average for very
thin sheet, but this effect amounted only to about 2 per-
cent. : '
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Supplementary Tests on Tenslion Side

In an attempt to check the irregular stress distribu-
tion near the root of beam %, strains were measured on the
central portion of the sheet as well as on the edges, using
the gage arrangement shown in figure 2(c).

The results of the test are shown in figure B. The
stress ratios for the edge stresgses calculated from this
figure are 1.02, 1.02%, and 1.02 (average) for the bulk-
head, the intermediate station, and the root, resvectively;
the cirresponding values from figure 5 are 1.01, 1.12, and
0.95, the irregularities in stress ratic having vractically
digapweared. At the bulkhead station the sheet stress is
about- 2 vercent lower than the edge stress. At the lnter-
mediase station and at the root the sheet stress 1s some-
what hlgher than the edge stress, resulting 1In the average
stress over the gsections agreeing very well with the cal-
culated values. No such agreement, however, is found at
the root where the gheet stress increases very ravidly,
and the efdge stress still follows an apuroximately stralght
line. The average stress over the sectlon is therefore
much higher than the calculated value, which 1s impossible
for static reasons. The sheet streses measurements must
therefore be considered very questionable at—thisg polnt.

Another set of measurements with a similar gage ar-
rangement was made on beam 8, The results are shown in
figure 9, plotted so mas to give a picture of the stress
distribution across each station at each load. Flgure 9
gives & good idea of the vossible variations. It will be
neted, for example, that the edge stresses at the root
station differ by as much as 8 percent from the mean and
that there is & considerable discrevancy between the cal-
culated gtresses and the observed average stresses at—all
sections.

As a final test, the edge stresses in beam 3 were
measured first after remaving the rivets ccnnecting the
tension cover to the tip bulkhead (which was very heavy)
and then after removing all rivets connectlng the tension
cover. to the bulkheads. The regultsare shown in figure
10: The stress ratio with rivets removed 1s, on the aver-
age, about 5 percent lower than with rivets intact, but it
is still abeve unity.
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RESULTS OF TEST ON CQOMPRESSICN SIDE QF BEAMS

For design purposes, the mction of stiffened sheet
under compressive loads is usually idealized by the con-
cept of effective width of sheet over which the total
force is assumed to be distributed in a uniform manner.
Strain measurements made on the compression side of the
beams while the load was increased step by step have been
evaluated to give the effective width throughout the
stress range covered. From the known external moment and
the measured stress (average of two gages), the effective
section modulus was computed for each station and each
load. The effective width of sheet necessary to give this
modulusg was then read from a previously prepared graph.

The points for a single test run fell on a smooth
curve, but there was very little agreement between consec-
utive tests on the same beam or between tests on different
beams. Figure ‘11 gives the summary of results on 0.045-
inch sheet obtained on three beams; figure 12 gives the
summary of results for 0.02%-inch sheet obtained on one
beam. o

The effective widths given in these figures are
counted from the rivet line inward. The strip outside the
rivet line was assumed to be fully effective because its
width is considerably less than 15t, which is usually con-
sidered as a safe limiting value for 17ST alloy. i -

For comparison, the theoretical valuses of effective
widths as computed by the von Kdrmén formula atre shown on
these figures. Von Kdrmdn's formula is (reference 3)

w = 1.9 Jfgit . .

where f 1is the stress at the edge of the sheet, i.e.,
the stress in the gtiffener. This formula is primarily
intended to give the ultimate load that the sheet can_car-
ry; the stresses f are then guite high, perhaps 20,000
vounds,per square inch or more. For these conditions, the
value of 1.9 1s usually revlaced by a lower empirical val-
ue based on ultimate load tests. The theoretical value of
1.9, however, was used for the comparisons because it is

the only value that makea the effective width equal to the

actual width at the buckling stress.
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Inspection of figure 11 shows thet the effective o
width below the buckling stress may be less than the ac-
tual width, probably owing to initial buckles. When the . .
buckling stress has been somewhat exceeded, the effective
width is larger than the theoretical value and remains
larger Until a stress of about 38,000 peounds per square
inch is reached, which is beyond the standard valuec of
26,002 pounds per square inch for the yield stress.

The 0.02Z-inoch sheet zalso shcws effective widths
larger than the theoretical values (fig. 12) but appears
todrop to or below the theorstical curve at a stress woll
telow the yield stress. The voints in this region, hrw- B
ever, are too few to draw any definite conclusions.

The conclusion drawn from thesc tests is that the
von Kdrmédn formula gives very comnservative values for the )
effecuive width of sheet at stresses up to aboubt 25,000
pounds per square inch., The converse.of this conclusion,
however, means that if the effective widths in a struc-
ture are cstablished by tests at lew stresses (proof
stress), the von EKdrmdn formula cannct be used for extrap-
olating to the yield stress. -

The von Kdrmdn formula assumes that—the edges of the
sheet are simply suvported. Actually the loaded edges _ .
were very offectively restrained in these tests, approxi-
mating built-in conditions, and the othor two edges were .
clastically restrainsd. Thege restraints tend to increase
the effective width until the yield stress ls avproached.
The effective widthe at stresses up to about—20,000 pounds
per square inch are therefure betier represented ty an em-
pirical formula of Wagner (reference 4) based on tests
with clamped-sdge sheets. Thig formula gives the effec-

tive width as
ferit
beg = kb [/ —E—“

where - be 1s the effective width of sheet.
h, actual width of sheet
fcrit’ buckling strese of sheet.

k¥, a factor that is .about unity when
T « 3 fopit and increases to 2 for

£~ 20 fopit-
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According to Wagner, this formula should apply, approxi-
mately at least, to other edge conditions. This assump- =~
tion isg nrobably true in the range indicated, ice., for
stresses up to about 20,000 vounds per square inch, but

for higher stresses the formuld seems to be on the unsafe
gide. '

FAILURES

Some brief notes on the failures that occurred may be
of interest. Table I summariszes this information. .

The strain-gage readings on the compression side be-
came unreliabdle at high loads because local buckling could
occur within the gage length. The readirngs- at the tension
side on the root station were also questionatle at ‘times.
In order to provide a common basis of comparison, only
computed stresses are given in table I.

Beams 1, 2, and 4 showed large deflections dut no def-
inite 1ndication of continued yielding. Beam 3 shcwed slow
continued yielding. All these beams showed a sharply lo-
calized buckle as sketched in figure 13.

Beam 5 exhibited tension failure scross the first riv-
et hole outboard cf the root at a computed tensile gtress
of 35,000 pounds per square inch. A local defect (crack
caused by drilling or riveting) may be resvonsible for
this failure. The failure is somewhat difficult to ex-
vlain, particularly if it is noted that this is one of the
two beams with the thin (0.0l14 inch) cover sheet on which
the strain-gage measurements showed a marked tendency for
the observed stresses to be lower than the calculated
stresses,

Beam 4, when tested to a load of 355 pounds, showed
ns signs of serious distress except large deflecticns and
the previously mentioned local buckle sketched in figure
13. When the beam was tested with the opposite direction
of bending moment, however, it failed a2t a lcad of 325
pounds owing %o the fact that the local buckle carried
across to the free edge of the sheet and pulled off the
head of the first rivet (fig. 14). The stress developed at
this load is only 0.6 of the Buler stress (with ¢ = 1)
for the sheet between the rivets.

Langley Memcrial deronautical Laboratory,
National Advisory Committee for Aeronautics,
Langley Field, Va., December 15, 1936.
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TABLE I

FAILURES IN BOX BEAMS

(Stresses are computed from f = M/Z)

% P M Iy s
(baged on |(maximum | (moment [(tensile |(compressive
Beam 24 w=1ht from |load ap- | at root |stress at |stress at Remarks
center line plied) gtation |root sta- |roct station)
of rivets) due to P)|$ion)
1b. in.~1b. |1b./sq.in.| 1b./sq.in.
1 [|0.7601 ©.300 340 12,420 | 16,350 41,400 No definite indication
of imminent failurse.
2 Jg5|  Lok6 325 11,870 | 24, L00 48, 200 Fo definite indication
of imminent failure.
345 .228 252 9,200 | 26,700 40, 300 Slowly yielding.
4 L7530 .292 355 12,970 | 17,200 i, 300 Wo definite indication
of imminent failure.
Y L7531 .292 325 11,870 { 15,740 10, K00 Tailure by local btuckle
(re- pulling off rivet
versod) hadd,
5 345 228 330 12,050 | 35,000 52,900 Tension failure across

rivet hols,

£8g *ON 930N TWOTUYREL "V 'J°'V'N
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Figure 1.~ Dimensions of test beams. All dimensions in inches.,
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Figure 10.- Test results on team 3 with bulkheads ineffective.
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